Classicality, the ensemble interpretation, and decoherence: 
Resolving the Hyperion dispute 
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We analyze seemingly contradictory claims in the literature about the role played by decoherence 
in ensuring classical behavior for the chaotically tumbling satellite Hyperion. We show that the 
controversy is resolved once the very different assumptions underlying these claims are recognized. 
In doing so, we emphasize the distinct notions of the problem of classicality in the ensemble inter- 
pretation of quantum mechanics and in decoherence-based approaches that are aimed at addressing 
the measurement problem. 
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I. INTRODUCTION 

The question of how the classical world of our expe- 
rience can be explained from within quantum mechanics 
continues to fuel a lively debate. At the heart of this 
problem of the quantum-to-classical transition is the su- 
perposition principle, which is formally grounded in the 
linearity of the Hilbert space. Since quantum states are 
represented by vectors in a Hilbert space, we may form 
linear combinations of these vectors. The superposition 
principle then states that such linear combinations cor- 
respond again to a new quantum state. Superpositions 
cannot be interpreted as classical ensembles of their com- 
ponents states. Instead, the phenomenon of interference 
shows that all components in the superposition must be 
understood as, in some sense, simultaneously present. 

A particularly counterintuitive instance are systems 
described by a superposition of macroscopically distin- 
guishable positions. One way such superpositions may 
dynamically arise is via a von Neumann measurement 
[12j of a microscopic system prepared in a certain su- 
perposition state. Unitary evolution applied to the com- 
posite system-apparatus combination may then lead to 
an entangled superposition state whose components refer 
to the pointer of the apparatus being located at distinct 
positions on the dial. Another, and rather different, ex- 
ample is the coherent spreading of initially localized wave 
packets. Suppose a free particle is at time t — described 
by a wave packet of the form 
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then the position probability density |^/)(a;,t)| at t > 
is given by 



exp 



(2) 



where the width a(t) of the wave packet grows as 



a(t) = ay/l + tPP/imW), 



(3) 
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with m denoting the mass of the particle. For micro- 
scopic particles the spreading of the wave packet occurs 
on extremely short timescales. For example, for an elec- 
tron (to ps 1CU 30 kg) and a(t = 0) = 1 A, we obtain 
a(t = 1 s) = 10 16 <7 = 10 6 m. This coherent spreading was 
the core obstacle encountered by Schrodinger when he 
initially tried — inspired by ideas laid out in de Broglie's 
Ph.D. thesis of 1924 0] — to directly identify narrow wave 
packets with particles The concept of particles is 

virtually synonymous with localizability, a feature evi- 
dently not described by a wave packet that may rapidly 
and coherently disperse over macroscopic distances. 

On the other hand, it seemed possible to uphold a 
peaceful correspondence between wave packets and well- 
localized objects in at least two situations. The first ex- 
ample, studied by Schrodinger in 1926 [ll|, is the special 
case of coherent states for the quantum harmonic oscil- 
lator, where the wave packet remains narrow at all times 
t > and where its peak oscillates back and forth similar 
to a classical point mass. The second example, which will 
be of most interest for the purpose of this paper, is rep- 
resented by macroscopic systems for which the spreading 
described by ([3]) is typically very slow. 

However, the rate of spreading may be drastically 
enhanced in chaotic systems irrespective of their size, 
and thus the problem of coherent spreading of the wave 
packet over large regions in space may reappear even 
at the level of macroscopic systems. This situation was 
studied by Zurek (l7j using the example of Hyperion, a 
chaotically tumbling moon of Saturn. Chaotic systems 
exhibit an exponential sensitivity to the initial phase- 
space parameters. Wave packets may diverge or become 
squeezed in the position or momentum direction at an ex- 
ponential rate given by the Lyapunov exponent A. Sup- 
pose the initial spread in momentum is Apo and exponen- 
tial squeezing in this direction occurs, Ap(t) = Apoe~ xt . 
In the quantum setting, it follows from the uncertainty 
principle that the initial spread in position must be at 
least on the order of h/Apo, and the required conser- 
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vation of the phase-space volume and unitary dynam- 
ics then imply that the wave packet undergoes coherent 
spreading according to Ax(t) ~ (h/ Ap )e xt . Zurek es- 
timated that within ~ 20 years the quantum state of 
Hyperion would evolve into a highly nonlocal coherent 
superposition of macroscopically distinguishable orien- 
tations of the satellite's major axes, thus setting up a 
measurement-free version of Schrodinger's cat. In the 
absence of decoherence, it would always be possible to 
choose an appropriate observable that would confirm the 
existence of this superposition, cither through a direct 
projective measurement onto the superposition state it- 
self or by means of an interference measurement in the 
component basis. 

Using the standard model for quantum Brownian mo- 
tion, Zurek then showed that decoherence rapidly sup- 
presses such coherent spreading, locally degrading the 
superposition into an apparent (improper) ensemble of 
narrow position-space wave packets. The superposition 
initially confined to the satellite is rapidly dynamically 
dislocalized into the composite satellite-environment sys- 
tem via environmental entanglement. This implies that 
there exists no local measurement that could be per- 
formed on the satellite that would in practice reveal 
the presence of the superposition. The different orien- 
tations of Hyperion are thus dynamically environment- 
superselected [H], [H, OH as the robust quasiclassical 
states between which coherence becomes locally sup- 
pressed, thereby ensuring effective classicality for the 
satellite. Of course, this conclusion is rather insensitive 
to the particular decoherence model: Any environmental 
monitoring of the position and orientation of the satel- 
lite, such as that mediated by the ubiquitous scattering 
of environmental particles [5[ , will bring about such de- 
coherence. 

Although Zurek's conclusions are intuitively reason- 
able and in agreement with general insights gained from 
studies of environmental entanglement and decoherence 
[1, [ljj HH , the y w ere subsequently criticized by Wiebe 
and Ballcntine [Tj]. These authors revisited the problem 
of the quantum-classical correspondence for Hyperion 
by presenting detailed numerical studies for an explicit 
model of the satellite. Based on their results, they con- 
cluded that even in the absence of environmental interac- 
tions there is no problem with the quantum-classical cor- 
respondence for Hyperion. A forteriori, this conclusion 
led the authors to claim that "decoherence is not essential 
to explain the classical behavior of macroscopic bodies" 
[l3l p. 022109-1], in contrast with Zurek's original argu- 
ment [l7j and the commonly accepted wisdom about the 
role of decoherence in the problem of the quantum-to- 
classical transition d, [l(| EH ■ 

In the following we will not only show that the stud- 
ies of Zurek, and of Wiebe and Ballcntine, address dif- 
ferent problems, but also demonstrate that the conclu- 
sions drawn from the results of these studies are based 
on distinct sets of assumptions. By presuming a strictly 
epistemic ensemble (statistical) interpretation of quan- 



tum mechanics, Wiebe and Ballentine take the view from 
the outset that there is no measurement problem, while 
this is precisely the problem addressed by Zurek. In this 
way, the calculations of Wiebe and Ballcntine do not 
challenge the conclusions of Zurek's analysis regarding 
the role of decoherence, contrary to the claims put for- 
ward in [l3j . In bringing out the fundamental differences 
between the two studies, we thus show that the contro- 
versy is rooted in an instance of "comparing apples and 
oranges." Finally, while this article is motivated by the 
specific example of Hyperion and the corresponding in- 
vestigations of Zurek, and of Wiebe and Ballentine, it has 
a much broader scope: It sheds light on tacit assumptions 
in the ensemble interpretation that effectively amount to 
presuming characteristic features of classicality usually 
derived from decoherence. 



II. WHAT CLASSICALITY? AN ANALYSIS OF 
DIFFERENT PARADIGMS 

In their study [131 ] , Wiebe and Ballentine define proper 
quantum-classical correspondence for Hyperion via the 
condition 

A qm _ cl = ^|P cl (m)-P qm (m)|<l, (4) 

m 

where P c \(m) and P qm (m) are the classical and quan- 
tum probability distributions, respectively, for Hyper- 
ion's angular momentum along the z axis, which is the 
space-fixed axis perpendicular to the orbital plane of the 
satellite. In the classical case, the probability distri- 
bution is given by the (classically) incompletely defined 
initial state evolved under the appropriate equations of 
motion. In the quantum setting, Hyperion is described 
by a pure-state superposition of eigenstates |m) of the 
angular-momentum operator J z , 

\ip) = ^2c m \m), (5) 

m 

and Pq m (m) is the corresponding probability for finding 
the value to in a measurement of the operator-observable 

Jz, 

Pqm(m) = |(to|^)| 2 = |c m | 2 . (6) 

If the inequality (|4]) is fulfilled, i.e., if the classical and 
quantum probability distributions P c \(m) and -P qm (?7i) 
agree reasonably well, then Wiebe and Ballentine take 
this result as saying that there is no quantum-classical 
problem for Hyperion, i.e., that Hyperion behaves clas- 
sically. Through numerical studies of an explicit model, 
the authors find that the inequality ((H) indeed holds to 
a sufficient degree. 

However, agreement of classical and quantum probabil- 
ity distributions for a single observable is not a sufficient 
criterion for proper quantum-classical correspondence. 
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In the classical setting, both the value of angular mo- 
mentum along the z axis and the position (orientation) 
of Hyperion are simultaneously well-defined; any proba- 
bilistic aspect is simply due to our (practically motivated, 
but not fundamentally required) ignorance about the ini- 
tial state. In the quantum setting, on the other hand, the 
position operator and J z do not commute. This allows 
for two possible scenarios. 

In the first scenario, despite the noncommutativity of 
these two operators, we may suppose that the eigenstates 
of J z are also approximate position eigenstates for Hyper- 
ion. In this measurement of J z would be unable to 
distinguish the coherent superposition of macroscopically 
distinct positions of Hyperion from the corresponding 
classical mixture of positions. Therefore J z would sim- 
ply be the wrong choice of observable for detecting this 
nonclassical superposition. However, there always exists 
a projective observable that would optimally verify the 
existence of the superposition, while practical difficulties 
in measuring such an observable can in turn be explained 
by environmental interactions, namely, by environment- 
induced superselection [3, EE EH ■ 

In the second scenario, we shall conversely assume that 
a measurement of J z is indeed sensitive (in the above 
sense) to the superposition of macroscopically distinct 
positions of Hyperion. If we measure J z and obtain a 
certain outcome, we may thus conclude that we have 
measured such a superposition — i.e., that we have ver- 
ified the presence of coherence between different posi- 
tions. But Wicbe and Ballcntinc a priori do not regard 
this thus-confirmed existence of the superposition as a 
nonclassical state of affairs. Instead, Wiebe and Ballen- 
tine explicitly state that the only role of quantum states 
is to describe "the probabilities of the various possible 
phenomena" [HI, p. 022109-1]. Thus they presume the 
ensemble, or statistical, interpretation of quantum me- 
chanics 

The key assumption of this type of interpretation is 
to consider the quantum state as only representing the 
statistical properties of an ensemble of similarly prepared 
systems. The ensemble interpretation thus implies that 
the entire formal body of quantum mechanics (for ex- 
ample, a probability amplitude) has no direct physical 
meaning, in the sense of having no direct correspondence 
to the entities of the physical world (see also the comment 
by Leggett 0]). This interpretation effectively points to- 
ward the need for some hidden-variables theory to fully 
specify the state of individual systems, but it does not 
actually specify what this "complete theory" would be. 

A signature of the ensemble view is its interpretation 
of superpositions. In his review paper Ballentine used 
the example of the momentum eigenstate of a single elec- 
tron, which yields a plane wave in configuration space 
(i.e., a superposition of all spatial positions). In the en- 
semble interpretation, this quantum state is viewed as 
representing an (conceptual, infinitely large) ensemble of 
single electrons with the same momentum, but evenly 
spread out over all positions. In other words, superposi- 



tions are interpreted as representing the results of an en- 
semble of yet-to-be-performed measurements, while the 
occurrence of the individual measurement outcomes is 
not dynamically explained (as in explicit hidden- variables 
or physical-collapse theories) or represented (as in the 
collapse postulate) within the quantum-mechanical for- 
malism. 

Thus, in this interpretation, the superposition consid- 
ered by Zurek is simply viewed as describing the prob- 
ability distribution for finding the satellite at a partic- 
ular position and orientation upon measurement. The 
measurement problem and the problem of the quantum- 
to-classical transition, however, are precisely concerned 
with explaining the workings of this instrumentalist al- 
gorithm in terms of a physical theory. Furthermore, and 
this is the important point, if Hyperion is considered as a 
closed system (i.e., if decoherence is absent) there always 
exists some observable for Hyperion that would confirm 
the presence of the coherent superposition of macroscopi- 
cally distinguishable orientations which Zurek has shown 
to result from the combination of classical chaotic dy- 
namics and quantum unitary evolution. 

The key question thus is: Why is it so prohibitively 
difficult to confirm in practice the presence of coher- 
ence in such cat-like superpositions? This question is 
not at all addressed by Wiebe and Ballentine. In the 
case of Schrodinger's cat, the projective observable di- 
rectly verifying the presence of the superposition would 
be proverbially nonclassical, namely, of the form O ca t oc 
(|alive)(dead| ± |dead)(alive|). This observable would 
therefore have no counterpart in the classical setting, 
which would exclude any possibility of comparing the 
corresponding classical and quantum probability distri- 
butions. Wiebe and Ballentine's particular choice of J z 
as the observable of interest allows them to avoid such 
an obstacle. Although J z corresponds (assuming the sec- 
ond scenario above) to the measurement of a nonclassi- 
cal superposition of positions, it still also represents the 
measurement of a classical quantity (namely, angular mo- 
mentum) taking well-defined values in the classical model 
of Hyperion. It is only this peculiar feature of the chosen 
observable, together with the adoption of an ensemble in- 
terpretation of quantum mechanics, that permits Wiebe 
and Ballentine's analysis to proceed. 

It is easy to anticipate that once the problem of the 
quantum-to-classical transition is reduced to the compar- 
ison of quantum and classical probability distributions for 
a single observable (which, as discussed above, is delib- 
erately chosen such as to make sense also in the classi- 
cal setting) , environmental interactions and the resulting 
decoherence processes will play but a minor role when 
compared to a framework in which mcasurability and the 
existence of quasiclassical observables is to be explained 
from within quantum mechanics. Indeed, when Wiebe 
and Ballentine investigate the influence of classical noise 
on the probability distributions for J z , aiming to simu- 
late environmental interactions and decoherence- like pro- 
cesses (see, however, [HH, H, ESE3 on important limita- 
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tions on simulating decoherence by noise), they (unsur- 
prisingly) find only a comparably small degree of smooth- 
ing of these distributions. From this finding they con- 
clude that environmental interactions — and thus what 
the authors label "decoherence" — are insignificant to the 
problem of classicality and present this argument as a 
challenge to Zurek's claims. 

But this is a fallacious conclusion. Decoherence allows 
one to treat the superposition locally as an apparent en- 
semble of quasiclassical configurations, here presumably 
coherent states well localized in both position and angu- 
lar momentum Q. This leads to the superselection of 
the preferred quasiclassical observables that were simply 
picked out by Wiebe and Ballcntinc. (Other practical 
obstacles, such as the suitable preparation of measure- 
ment apparatuses and the design of appropriate couplings 
between system and apparatus, will naturally also play 
a role.) The similarity between classical and quantum 
probability distributions for a particular observable, as 
shown by Wiebe and Ballcntinc, has simply no bearing 
on Zurek's argument. 

III. CONCLUSIONS 

Our discussion demonstrates the importance of a care- 
ful distinction between mathematical calculations and 
their proper (physical) interpretation. The focus of Zu- 
rek's argument is to show how coherent spreading of 
the wave packet over macroscopic distances may become 
relevant also for macroscopic objects, including celes- 
tial bodies long regarded as prime examples of classi- 
cal systems, and how decoherence leads to a local (im- 
proper) ensemble of narrow wave packets describing qua- 
siclassical trajectories in the usual sense of the emergent- 
classicality program of decoherence. Wiebe and Ballcn- 
tine's analysis, on the other hand, is solely concerned 
with a comparison of distributions of measurement out- 
comes whose probabilistic aspect has two fundamentally 
different sources (classical "ignorance" vs. quantum "ran- 



domness"). What these authors have demonstrated is 
that, if we measure the operator-observable J z on Hy- 
perion and if we assume the usual measurement axioms 
of quantum mechanics, then the resulting distribution of 
measurement outcomes will be reasonably close to the 
classical distribution. In other words, they have success- 
fully shown that decoherence does not play a crucial role 
in restoring proper quantum-classical correspondence in 
the Ehrenfest [J] or quantum-Liouville sense for a partic- 
ular observable that they deem to be most natural. 

But as we have demonstrated in this paper, contrary 
to the authors' claims these results do not challenge 
Zurek's conclusion regarding the importance of decoher- 
ence for the problem of the quantum-to-classical tran- 
sition. Zurek's point is that there always exist some 
observable that could confirm the presence of the non- 
classical superposition state of Hyperion. Decoherence, 
then, explains the practical difficulty in measuring such 
observables and allows us, for all practical purposes, to 
describe measurement locally in effectively classical terms 
and thus to ignore the Schrddinger-cat problem in prac- 
tice. The empirical adequacy of Wiebe and Ballcntinc's a 
priori belief in the absence of any such problem may thus 
be regarded as a consequence of the ubiquitous action of 
decoherence. We therefore suggest that the authors' con- 
clusion that "it is not correct to assert that environmen- 
tal decoherence is the root cause of the appearance of the 
classical world" [III, p. 022109-13] is a non sequitur. In 
this way, we hope that our analysis has quite peacefully 
resolved the controversy. 
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